Abstract. We investigated patterns of variation in alkamides and cichoric acid accumulation in the roots and aboveground parts of Echinacea purpurea (L.) Moench. These phytochemicals were extracted from fresh plant parts with 60% ethanol and quantifi ed by , and from 4.79 to 38.55 (mean = 18.88) in the roots, the NMSH, and the tops, respectively. Dodeca-2E, 4E, 8Z, 10E-tetraenoic acid isobutylamide and dodeca-2E, 4E, 8Z, 10Z-tetraenoic acid isobutylamide (alkamides 8/9) accounted for only 9.5% of the total alkamides in roots, but comprised 87.9% in the NMSH, and 76.6% in the young tops. Correlations of concentrations of alkamides or cichoric acid between those of roots and those of the NMSH were not statistically signifi cant, and either within the roots, the NMSH, and the young tops. However, a signifi cant negative correlation was observed between the concentration of cichoric acid in the roots and in young tops, and a signifi cant positive correlation was observed between total alkamide concentration in the roots and cichoric acid concentration in the young tops. These results may be useful in the genetic improvement of E. purpurea for medicinal use.
Belonging to the composite family (Asteraceae), Echinacea, commonly known as purple conefl ower, is a perennial, herbaceous plant native to eastern North America. A detailed morphological classifi cation of Echinacea was provided by McGregor (1968) and recently revised by Binns et al. (2002a) by using morphological as well as numerical and statistical methods. According to McGregor (1968) there are 11 taxa in Echinacea including 9 species and two botanical varieties. In the revision by Binns et al. (2002a) 2 subgenera and four species were recognized. In this report McGregor's (1968) taxonomy is followed.
As an herbal medicine, Echinacea has long been used by Native Americans for many remedies (Foster, 1991; Kindscher, 1989; Li, 1998) . In recent years the popularity of this genus has increased because of its reputation of enhancing the human immune system (Bauer and Wagner, 1991; Bodinet and Beuscher, 1991; Bodinet et al., 1993; Parnham, 1996) . Surveys have shown that Echinacea has consistently been one of the top ten species in the U.S. herb market (Brevoort, 1998) , and herbal products containing Echinacea, made from the roots of E. angustifolia DC. and E. pallida (Nutt.) Nutt. and the roots and aboveground parts of E. purpurea (L.) Moench, are among the most widely used herbal remedies in Europe and North America (Li, 1998) . Increased market demand for Echinacea products has led to a rapid expansion of Echinacea cultivation worldwide (Li, 1998) .
Despite the rapid increase in cultivation of Echinacea, its impressive economic value, and its potential benefi ts to human health, relatively little effort has been directed towards the genetic improvement of Echinacea for medicinal purposes. Breeding E. purpurea for ornamental use has been conducted in Europe (Galambosi, 2004) and on a small scale in the United States (Chicago Botanical Garden, 2001) and Australia (Hawks, 2002) . Letchamo et al. (1999) reported that selections were made in E. purpurea for both ornamental value and for the overall yield of phytochemicals.
Three groups of phytochemicals, caffeic acid derivatives, polysaccharides, and lipophilic alkamides, are the most likely candidates responsible for the genus's medicinal properties (Bone, 2004) . Of the caffeic derivatives, cichoric acid is thought to be important based on the results of immunological and pharmacological studies (Bauer, 1999 (Bauer, , 2000 McDougall et al., 1998) . Alkamides as a group have demonstrated immunological activity both in vitro and in vivo (Bauer et al., 1988a; Goel et al., 2002) . Most recently, in a randomized, double-blind, placebo-controlled clinical trial, Goel et al. (2004) found that liquid extracts made from freshly harvested fl owering tops of E. purpurea, standardized to contain alkamides, cichoric acid, and polysaccharides at concentrations of 0.25, 2.5, and 25.5 mg·mL -1 , respectively, effectively treated the common cold in adults.
Of the three Echinacea taxa typically used in herbal medicine, E. purpurea is the most widely utilized and cultivated species, accounting for 80% of commercial production (Li, 1998) . Given the large market and evidence for human health benefi ts of Echinacea, it would be valuable to increase concentration of the bioactive components in this plant through breeding and selection. Since both roots and aboveground parts are used in extract preparation (Li, 1998) , it would also be interesting and potentially useful to evaluate relationships between roots and aboveground parts for production of these phytochemicals, as well as for variation among individual plants.
Previous researchers (Binns et al., 2002b; Perry et al., 2004; Stuart and Wills, 2000) have reported that signifi cant variation in caffeic acid and alkamide content was observed among different plants, at different developmental stages, and across various locations. However, these studies had certain limitations. For example, samples were collected from plants not grown under typical fi eld cultivation conditions (Binns et al., 2002b) ; bulk samples were used for evaluation of the effects of seasonal or locational differences (Perry et al. 2004; Stuart and Wills, 2000) , or the methods for sample collection were not provided (Letchamo et al., 2002) . Therefore, it is diffi cult to apply the results of these studies to the practical matters of selection and genetic improvement.
The goal of this investigation was to evaluate variation in the production and concentration of alkamides and cichoric acid among individual E. purpurea plants under fi eld cultivation conditions and determine correlations between these two classes of phytochemicals within and among different plant parts. To whom reprint requests should be addressed; e-mail x0w@gaiaherbs.com.
Materials and Methods

Echinacea
soil (pH ≈ 6.0) on the certifi ed organic Gaia Farm (Brevard, North Carolina) in late March 2004. Beds of 90 cm wide and 30 cm high were prepared before transplanting. Plants were spaced 30 cm apart within and between rows, with each bed containing three rows. The experimental design was a randomized complete block with three replications each of 30 plants. There was no fertilization before or after transplanting and no artifi cial irrigation during cultivation. Plants started to fl ower in mid-August 2004. On average, the fi nal height of the plants at the end of the fi rst growing season was about 110 cm.
On 11 Oct. 2004, roots and nearly mature seed heads (NMSH, anthesis of disk fl owers fi nished, with styles green to yellowish) were randomly sampled from 30 plants across the blocks with two plants from each replication. Root samples were nondestructively collected by digging and loosening the soil from one side of the root system and cutting off about 6 g of root material. One seed head was harvested from each of the plants. All samples were placed in plastic bags and taken immediately back to the laboratory. Another 30 plants were randomly sampled on 14 Oct. 2004 for roots and young tops. The root was sampled as described above. The young tops, which consisted of unopened fl ower heads (the ligules of ray fl owers were about 1 cm in length) on stems with leaves, were recently produced from the root crowns.
Roots were thoroughly washed with tap water and blotted dry on paper towels. The samples were cut into small pieces (about 2 mm wide initial cuts and randomly cut thereafter) with scissors. The young tops consisted of about ½ fl ower head, ¼ stem, and ¼ leaves by weight. Moisture content was measured with an IR-200 Moisture Analyzer (Denver Instrument, Arvada, Colo.). Three grams each of the cut samples were placed into 125-mL Erlenmeyer fl asks. After adding 40 mL 60% grain ethanol, the fl asks were ultra-sonicated for 3 h in a water bath. Each extract was centrifuged at 3200 rpm for 8 min and the supernatant was used for high performance liquid chromatography (HPLC) separation.
HPLC analytical equipment included a Varian Prepstar model SD-1 pump A and B, a model 330 PDA detector, and a model 410 autosampler. Samples were analyzed using a phenomenex Luna (5µm, 150 × 4.6 mm). Solvents A and B were water with 0.1% o-phosphoric acid (85%) and acetonitrile, respectively. For alkamides, at t = 0 min, A: B = 50:50; at t = 18 min, A:B = 0:100; and at t = 23 min, A:B = 0:100; fl ow rate was 1 mL·min -1 ; and compounds were detected by UV absorption at 260 nm. For cichoric acid, at t = 0 min, A:B = 90:10; at t = 25 min, A: B = 75:25; at t = 26 min, A:B = 0:100; and at t = 33 min, A:B = 0:100; fl ow rate was 1 mL·min -1 ; and compound was detected by UV absorption at 330 nm.
Alkamides and cichoric acid were identifi ed by comparison of retention times and UV profi les of standards (described below) at 260 nm and 330 nm, respectively. The concentration of each compound in the extract was calculated by using the observed absorbance divided by the average of absorbance per weight of the corresponding standard compound. Alkamides 8 and 9 were quantifi ed against the alkamides 8 and 9 reference standard, while the other alkamides were quantifi ed against alkamide 11. Concentrations were expressed as mg·g -1 of dry weight of the plant material.
External standards used for the HPLC analysis, dodeca-2E,4E,8Z,10E-tetraenoic acid isobutylamide (8), dodeca-2E,4E,8Z,10Z-tetraenoic acid isobutylamide (9), dodeca-2E,4E-dienoic acid isobutylamide (11), and cichoric acid, were isolated and purifi ed from the roots of E. angustifolia and the aerial parts of E. purpurea by column chromatography and further preparative HPLC on a Varian microscorb C 18 column (250 × 41.4 mm). Chemical structures of these compounds were verifi ed by comparison of 1 H NMR spectra and MS data with those in previous reports (Bauer et al., 1988b . The pure alkamides were mixed and dissolved in methanol to prepare three standard mixtures at different concentrations. Nine injections were given for each standard mixture. The calibration curve was based on the average of absorbance per weight (mAU/µg) of alkamides (8, 9, and 11) at UV 260 nm and was expressed as a regression equation. Coeffi cients of variation were 6.63% and 1.41% for alkamides 8, 9, and 11, respectively. The pure cichoric acid was also dissolved in methanol to prepare three standards at different concentrations. The calibration curve was developed the similar way as described for alkamides but at UV 330 nm, and the coeffi cient of variation was 6.98%.
Correlation analyses were conducted for alkamides and cichoric acid contents between the roots and the NMSH, between the roots and the young tops, and in the roots, the NMSH, and the young tops.
Results and Discussion
Large variation in the concentrations of alkamides and cichoric acid was observed among individual plants from separate analyses of the roots, the NMSH, and the young tops (Tables 1 and 2 ). For total alkamides, the highest concentration observed was about fi ve times more than that of the lowest concentration in the roots or in the NMSH among individual plants (Table 1) , and nearly 23 times more in the young tops (Table 2 ). Similar ratios for cichoric acid were about thirteen times more in the roots, fi fteen times more in the NMSH and eight times more in the young tops.
Occurrence of specifi c alkamides also varied greatly among different plant parts. The average concentration of total alkamides in the roots was nine and nineteen times higher than that in the NMSH and the young tops, respectively. Tetraene alkamides (8/9) accounted for only 9.5% of the total alkamide concentration (mean of the values in Table 1 and 2) in roots, but comprised 87.9% in the NMSH and 76.6% in the young tops. However, the average content of alkamides 8 and 9 in the roots was similar to that in the NMSH, and only about two times higher than that in the young tops (Tables 1 and 2 ), indicating that the large differences in total alkamides between roots and aboveground parts were mainly due to differences in the production of the non-tetraene alkamides in these plant parts. In about 20% of the NMSH or the young top samples only the tetraene alkamides (8 and 9) were detected in this investigation. For cichoric acid, the young tops contained nearly two times more of this compound than did the roots. Large variation in the content of these phytochemicals has been observed previously in E. purpurea. The range of cichoric acid in roots (recorded as percent dry weight) varied between 1.7 and 2.3 in different seasons (Perry et al., 2001 ), between 0.5 and 0.8 by different plant age or population (Binns et al., 2002b) , and has been recorded as high as 4.0 (Bergeron et al., 2000) . A similar variation was observed in tops in these studies. For total alkamides, the reported range in variation (percent dry weight) was between 0.12 and 1.21 in root samples and between 0.02 and 0.39 in aboveground parts (Wills and Stuart, 1999) , and tetraene alkamides (8 and 9) varied from 0.03 to 0.4 in tops and from 0.004 to 0.6 in roots Binns et al., 2002b; Bergeron et al., 2000; Perry et al., 2004; Rogers et al., 1998) . These differences could be infl uenced by genetic differences in populations (Binns et al., 2002b) , variation in locations and cultural practices (Berti et al., 2002; Dou et al., 2001; Parmenter and Littlejohn, 1997; Perry et al., 2004) , plant developmental stages (Perry et al., 2004; Stuart and Wills, 2000) , timing of sample collection, or preparation methodology, acting individually or in combination. Nevertheless, theses studies demonstrated that there are considerable natural variations in the levels of phytochemical contents in E. purpurea populations, which could be utilized in genetic improvement of this species.
Although the results of previous studies hint at the possibility of useful genetic variation that might be harnessed in the genetic improvement of E. purpurea, past results were not based upon experimental designs or samplecollection methods intended to evaluate the genetic contribution to overall variation. Studies employing molecular markers (Baum et al., 1999; Kapteyn et al., 2002) to evaluate genetic diversity in Echinacea suggested that there was greater variation within a population than among populations. In this study it was our desire to use plant materials generated from seeds from different sources to evaluate overall variation among the cultivated accessions. No signifi cant deviations were noted among populations generated from these fi ve sources for the concentrations of alkamides or cichoric acid.
The results of our correlation analyses are presented in Table 3 . No signifi cant correlations were measured between the root and the NMSH for total alkamides, alkamides 8 and 9, cichoric acid, nor between root alkamides and cichoric acid from the NMSH, or between the root and the young tops for total alkamides and alkamides 8 and 9, indicating nearly independent production in roots and aboveground parts for these phytochemicals. The levels of total alkamides and that of alkamides 8 and 9 were strongly associated in each of the plant parts tested.
A signifi cant negative correlation (-0.44, P < 0.05) between the root and young tops for cichoric acid concentration was unexpected, since translocation of cichoric acid among plant parts has been suggested based on studies conducted in Australia and New Zealand, in which researchers observed signifi cant positive correlations between the chemical levels in roots and tops (Perry et al., 2004) . However, their correlations were based on observations from the two plant parts as a whole taken in different seasons, which would not necessarily be applicable to the relationship in individual plants. The negative correlation observed in our study indicates that it may be diffi cult for breeders to increase the content of cichoric acid in both roots and aboveground parts simultaneously in E. purpurea.
Observed relationships between total alkamides and cichoric acid were interesting. A strong, positive correlation (0.49, P < 0.01) was measured between total alkamides in the roots and cichoric acid in the young tops, but weak non-signifi cant, negative correlations were noted within the roots (-0.2), the NMSH (-0.18) and the young tops (-0.19 ) between the two phytochemicals. If one also takes the negative correlation for cichoric acid concentration between the roots and the young tops into consideration, the three relationships (positive between the total alkamides in roots and cichoric acid in the young tops, negative between the roots and the young tops for cichoric acid, and negative within plant parts for total alkamides and cichoric acid) seem to be mutually supported. These interacting relationships may suggest that although some of the between-root and top relationships mentioned earlier look to be independent upon fi rst glance, for Echinacea breeding, it may be more desirable to focus on developing cultivars that will produce high yields of alkamides in roots and of cichoric acid in tops than on cultivars that will be highly productive for one of the chemicals in both below and aboveground portions of the plant or for both classes of phytochemicals in either of the two parts.
Our results provide further support to previous reports that there is considerable variation in alkamide and cichoric acid content in E. purpurea populations. Although there has been very limited information available on the genetics of Echinacea (reviewed by McKeown, 2004) , these large content variations in alkamides and cichoric acid may suggest that a great potential exists for genetic improvement of this species for medicinal purposes. The observations on the correlation relationships could be useful in making this endeavor. Table 3 . Correlations of alkamides (alk) and cichoric acid (cic) contents between the roots and the nearly matured seed heads (NMSH) (R and H), between the roots and the young tops (R and T), and in the roots, the NMSH, and the young tops of Echinacea purpurea (n = 30 plants For correlation between R and H or R and T, alkamides were from the roots. y Dodeca-2E, 4E, 8Z, 10E-tetraenoic acid isobutylamide and dodeca-2E, 4E, 8Z, 10Z-tetraenoic acid isobutylamide (alkamides 8 and 9). NS,*,** Nonsignifi cant or signifi cant at P < 0.05 or 0.01, respectively.
